Effect on plasma and etch-rate uniformity of controlled phase shift between rf voltages applied to powered electrodes in a triode capacitively coupled plasma reactor J. Vac. Sci. Technol. A 27, 13 (2009) Glass plates of 20 cm diameter have been etched by SF 6 in a pulsed capacitively coupled 13.56 MHz discharge. The plates were mechanically clamped to the cooled substrate holder and allowed to heat due to ion bombardment. The average rf power was set at 220 W and the pulse frequency varied up to 200 kHz for duty cycles between 10% and 100%. For a pressure of 50 mTorr, pulse frequencies around 100 kHz and duty cycles below 30%, the etch rate was about double that of the continuous case and the glass plate temperature was between 90 and 100°C about 30°below the continuous case. These results show that large plates of glass can be etched rapidly at 0.16 m per minute at temperatures below the cross linking temperature of a photoresist mask.
I. INTRODUCTION
The etching of large plates of doped silica is an important process for flat panel displays, solar panels, and integrated photonic devices. To achieve economical etch rates and maintain critical dimensions, considerable ion bombardment is necessary to modify the surface and allow the etch products to be liberated. It is not uncommon that this bombardment delivers up to a watt per square centimeter to the substrate, which consequently heats up. Unfortunately, the photoresist which is used for a mask generally must be kept at a temperature well below 115°where the resist starts to harden and cross linking can occur. The conflicting requirements of rapid etch and low temperature can be resolved by electrostatic clamping and a helium thermal contact between the back of the plate and the cooled substrate holder. This requires a complicated design for the substrate holder and difficulty can be encountered in removing the glass plate from the charged substrate holder. Pulsing the rf power supply opens up fields of operational parameters since the rf bias on the substrate holder and the plasma density do not immediately drop to zero in the afterglow.
1,2 Following a large experimental program, we present here the results which show that it is possible to increase the etch rate and decrease the glass plate temperature over the continuous plasma case.
II. EXPERIMENTAL SETUP
The vacuum chamber was an aluminum cylinder 30 cm long and 32 cm in diameter pumped through a side port with a 50 l/s turbomolecular pump backed by a two stage rotary pump. SF 6 gas entered the vessel through a side port via a mass flow controller.
The rf electrode was a 23 cm diameter stainless steel disk embedded in a 3.5 cm thick plastic disk attached to an aluminum end plate. It was water cooled and connected to the tuning box with a copper rod 20 cm long and 7 mm in diameter. The rf wave form on the electrode and the bias voltage were measured with a rf high-voltage probe attached to the copper rod. An earthed counter electrode, also of stainless steel and 23 cm in diameter, could be moved axially along the vacuum vessel using a feedthrough in the other aluminum end plate. For these experiments, the counter electrode was positioned 20 cm from the rf electrode. A shielded Langmuir probe could be inserted through a port in the side wall 15 cm from the rf electrode to allow plasma density measurements to be made.
A 20 cm diameter, 3 mm thick soda-glass substrate was mechanically clamped to the rf electrode ͑the substrate holder͒ and had a chrome-alumel thermocouple attached by epoxy glue to the surface facing the plasma.
In order to measure the etch rate ''in situ'' a small ͑about 1 cm 2 ) sample of high-quality helicon plasma deposited SiO 2 was stuck with vacuum grease ͑to provide a good thermal contact͒ to the center of the glass plate. A helium/neon laser interferometer at 70°was attached to the side of the vacuum vessel, aimed at the SiO 2 sample and the etch rate determined after at least 1.5 fringes. As the etch rate of doped silica is generally higher than that of the helicon deposited SiO 2 , we consider the etch rate measured by this method to be a lower bound to the etch rate of the glass plate. The rf generator pulses had two different modes; when the on time of the pulse was greater than 2 ms, the rise time was 20 s and fall time 200 s, otherwise the rise time and fall times were 0.3 s.
A study of the power transferred to the plasma showed that for powers above 500 W more than 90% is transferred but the efficiency decreases to 50% at 250 W and 20% at 100 W.
III. TEMPERATURE RISE AND ETCH RATE WITH A CONTINUOUS DISCHARGE
Extensive measurements of the temperature rise as a function of time for rf powers from 220 W to 1100 W and differing pulse frequencies and duty cycles with argon showed that the final temperature only depended on the average power delivered to the rf electrode for pulse frequencies be- low about 20 kHz. The results for SF6 were similar except that the final temperature was about 30 lower, possibly due to power expended in dissociation. Taking into account the thermal capacity of the glass and assuming that the heat losses from both sides of the plate occur only by radiation, which is governed by Stephan's law, the modeled results fall between the argon and SF 6 results. As the final temperature for 220 W was between 100°and 130°this power was chosen as the average power for all subsequent experiment.
Experiments of etch rate as a function of SF 6 pressure showed that for 220 W, the maximum etch rate of 0.12 m min Ϫ1 occurred around 30 sccm ͑50 mTorr͒ and this flow was used for all subsequent experiments. These etch rates are equal to or better than those measured in similar reactors. 3, 4 In Fig. 1 , the etch rate and bias voltage are shown as a function of powers up to 2200 W. For powers lower than 150 W, the etch rate increased very slowly, and then increased by a factor of 5 for higher powers. Above 700 W, the etch rate once again increases more slowly. As shown by the continuous line, the bias voltage is a square root of the power for these higher powers, as would be expected for a simple model of a capacitive discharge, but drops below for lower powers. At this stage it is clear that more effective etching can be achieved at high powers, although with a continuous discharge the glass plate temperature would reach a few hundred degrees Celsius.
For the high powers, the etch rate is nearly proportional to the measured bias voltage as shown in Fig. 2 , but at lower powers, the etch rate is considerably below this expectation and this may be due to the efficiency of the rf coupling and a lower dissociation of the SF 6 .
One can finally note that the etch rate can be partly limited by the SF 6 flux for continuous high powers, since the etch rate of 0.73 min Ϫ1 at 220 W corresponds to an efficiency of 77% ͑1.3 mole of SF 6 is used to etch 1 mole of SiO 2 ). Figure 3 shows the etch rate for pulse frequencies from 50 Hz to 200 kHz and a variety of duty cycles for an average rf power of 220 W. Even at low frequencies, the etch rate is 10 to 20% higher than the continuous etch rate, reflecting the improved etch efficiency at higher powers. Surprisingly, there is a dramatic increase of 100% in the etch rate for pulse frequencies around 100 kHz and low-duty cycles. The main reason for this is that the plasma density decays with a long time constant of hundreds of microsecond and more importantly, the bias voltage has a rise time of a few microseconds and a decay constant of about 50 s. Hence, for high-pulse frequencies and low-duty cycles, the bias remains high in the afterglow and the plasma density changes very little. Consequently, etching proceeds in the afterglow and the effective etch rate increases.
IV. ETCH RATE AND TEMPERATURE FOR PULSED POWERS
A simple model was developed of the evolution of the etch rate during a pulse cycle. At the beginning of the pulse, the etch rate increases linearly as the bias voltage develops on the electrode. The etch rate then reaches a value which corresponds to the etch rate obtained with the same rf power in a continuous discharge. During the off time, the etch rate follows the bias voltage decay. After that time the etch rate stays equal to zero even if the ion density is still high, since an effective etch rate of SiO 2 cannot be achieved without ion bombardment. 5 A linear bias rise time of 3 s and a linear decay time of 30 s ͑derived from measured rf electrode wave forms͒ were used in the model and the etch rate during the on time is given by the values measured with a continuous discharge as shown in Fig. 1 . The results of this rather naïve model are given in Fig. 4 and the qualitative agreement is surprisingly good. The predicted etch rates for high-pulse frequencies are about a factor of 2 too high, probably because the actual form of the rf pulse at high frequencies is not ideal due to the nonideal transient response of the generator, the bandwidth of the matching network, and the difficulty in choosing a point in time in the short pulses to match to. Figure 5 shows the glass plate temperature measured after 300 s as a function of pulse frequency. When the pulse frequency increases, for duty cycles of 30% and less, the temperature decreases by 30°C, from around 115 to 85°C. This decrease could be associated with a decrease of the maximum peak to peak electrode voltage ͑and hence bias voltage͒ measured for on times of the pulse less than 5 s.
V. CONCLUSIONS
The etch rate and the substrate temperature of a glass plate have been studied for continuous and pulse rf discharges in a capacitive reactor with SF 6 . Maximum etch rates were found for a pressure of 50 mTorr. For the continuous case, an etch rate proportional to the bias voltage was found for high powers above 700 W. The substrate measurements showed that the glass substrate can reach high temperatures and its final temperature agrees with that obtained using a simple radiation model. An average rf power of 220 W was chosen as it resulted in a substrate temperature near that of resist damage.
The etch rate and the substrate temperature were measured for pulse frequencies between 50 Hz and 200 kHz, for duty cycle between 10% and 50%. For low frequencies, the etch rate was slightly higher than the continuous case due to the higher etch rate at higher-pulse powers. The final temperatures were also somewhat higher except for low-duty cycles. Between 20 and 200 kHz, the etch rate reaches a maximum more than twice the value measured with a continuous discharge. A simple model involving etching in the afterglow was proposed to explain this behavior.
For low-duty cycles, the temperature of the substrate decreases by 30°C as the pulse frequency increases and at high-pulse frequencies, the temperature drops for all duty cycles. This latter behavior is possibly a result of the rf voltage on the electrode decreasing for pulses of the order of microseconds since the matching network has a bandpass of a few microseconds and difficulties in obtaining a zero reflected power throughout the pulse. Thus, it was found that pulsing an SF 6 capacitively coupled discharge between 20 and 200 kHz can be a very interesting process area, since the etch rate can be enhanced by more than 100%, and the substrate temperature can be kept at temperatures much lower than 120°C, a temperature for which the photoresist is damaged. These results should apply equally well to very large substrates.
